A poptosis is a highly programmed cell death mechanism for removal of unwanted cells from tissues and is an important event in tissue development and homeostasis (1) (2) (3) (4) . Many anticancer agents such as cisplatin (5, 6) and etoposide (7, 8) act by inducing tumor cells to apoptose. Apoptosis is distinguished from necrosis (passive cell death) by a unique series of morphological changes, including a decease in cell volume and budding of the cell contents into membrane-enclosed vesicles. Fragmentation of DNA in apoptotic cells appears on gel electrophoresis (1, 8) . Apoptosis is accompanied by a loss of membrane phospholipid asymmetry, resulting in the exposure of phosphatidylserine at the cell surface, which is a principle to be currently used for detection of apoptosis by an annexin V-Cy3 kit (9) . Annexin V has a high affinity for phosphatidylserine, whereby the covalently attached fluorescein Cy3 becomes fluorescent (10) .
Zinc(II) is now well recognized as an important cofactor in the regulation of apoptosis (11) (12) (13) (14) (15) (16) (17) (18) . For instance, removal of Zn 2ϩ enhances apoptosis, whereas supplementation of Zn 2ϩ , whose mechanism is not yet understood, suppresses it (13) . Furthermore, intracellular labile zinc(II) flux was observed during apoptosis by using a fluorescent Zn 2ϩ probe, Zinquin 1 (for structures of Zn A few years ago, while pursuing a model study of carbonic anhydrase, we synthesized a highly efficient macrocyclic Zn 2ϩ -selective fluorescent probe 4 (L 3 ) (18) (19) (20) (21) (22) (23) (24) (25) . The structure was originally designed as a biomimetic model of the catalytic Zn 2ϩ center of carbonic anhydrase that strongly and selectively binds to dansylamide. Characteristic of our probe dansylamidoethylcyclen 4 was its affinity to Zn 2ϩ (K d ϭ 1.4 ϫ 10 -10 M at pH 7.0 and 5.5 ϫ 10 -13 M at pH 7.8), which was much higher than that of Zinquin 1 (19 M at pH 7-7.8 for zinc(II) finger peptides (26, 27) . The dansylamide deprotonation in the Zn 2ϩ complex 5 at pH 7.8 increased the emission intensity by 4.8-fold at 540 nm and by 10-fold at 490 nm, whereas the nonmetallated dansylamide deprotonation of L to H -1 L 3 without Zn 2ϩ at high pH (Ͼ12) brought about only a 20% increase in the fluorescence emission intensity (19 (31) . Comparison has also been made with Zinquin 1 and commercial apoptosis detection kit annexin V-Cy3 that adopts an entirely different mechanistic principle.
Materials and Methods
All aqueous solutions were prepared by using trace Zn 2ϩ -free deionized and redistilled water. A 4 like L 3 ⅐(HCl) 5 , either synthesized (19) or purchased from Dojin Kagaku (Kumamoto, Japan), was dissolved in an aqueous buffer solution. Zinquin 1 was a kind gift from P. D. Zalewski (University of Adelaide, Adelaide, Australia), which was stored at 5 mM in dimethyl sulfoxide at Ϫ20°C. An N-dansyl-N,N-dimethylethyl-enediamine 7 (19) and a dansylamidoethyl- [12] aneN 3 8 (31) were prepared as described. N,N,NЈNЈ-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) 9 was purchased from Sigma.
Preparation of Cultured Cells. Cultured HeLa and HL60 cells were obtained from Cell Resource Center for Biomedical Research, Tohoku University (Sendai, Japan) and were maintained in DMEM (Nissui Seiyaku, Tokyo) supplemented with 10% FBS (GIBCO͞BRL)͞100 g/ml streptomycin͞100 units/ml penicillin. Cell viability was monitored by trypan blue or propidium iodide (PI) exclusion and phase-contrast microscopy. PI and trypan blue were added to final concentrations of 30 M and 0.1% (wt͞vol), respectively. Cell Staining. Cells (10 5 ͞100 l in complete medium) were placed into each well of a 96-well plate. After 24 h, the medium was exchanged for serum-free medium containing a dye, which was then incubated for 30 min. After washing the cells with PBS, observations were made with an Olympus (New Hyde Park, NY) fluorescence microscope. Excitation light was provided by a 150-W Xe arc lamp transmitted through a 400-nm emission filter (Olympus U-MWU cube). Intracellular acidic compartments were visualized by staining with the acridine orange. Excitation light transmitted through a 460-to 490-nm excitation filter and fluorescence was observed after passage through a 500-nm emission filter (Olympus CX-DMB-2 cube). 
Results and Discussion
Intracellular Staining with 4. Incubation of cells with 50 M 4 for 1 h produced all bright punctate staining patterns similar to observations made with Zinquin 1 (14, 15) and Zinpyr-1 6 (28, 29) . The brightly fluorescing cells by 4 were seen in cultured cell populations tested, including human cervix epitheloid carcinoma HeLa cells and human promyelocytic leukemia HL60 cells. It is to be noted that 4 (100 M) by itself induced apoptosis on exposure over 48 h. However, a short exposure (e.g., 1 h) did not cause significant damage to HeLa cells. dine N-oxide, 20 M) (Fig. 2B) . Acridine orange tends to be trapped (as red fluorescence) in acidic compartments of cells as a membrane-impermeable protonated species, due to its weak acidity (pK a ϭ 9.8). 4 also stained the same acidic compartments of cells, due to similar weak acidities (pK a ϭ 11.8, 10.8, 9.37, and 4.03). Namely, a less protonated 4 permeates the cellular membrane, but on more protonations in the acidic cell compartment, 4 would be impermeable and remain emitting weak fluorescence (at 550 nm). The initial fluorescence of Zn ) is outermembrane-permeable at neutral pH and forms a thermodynamically and kinetically stable 1:1 Zn 2ϩ complex 5 emitting stronger blue-shifted fluorescence. The complex 5 remained impermeable and did not diffuse for a long period. Because the nucleic acid and membrane bleb were devoid of the 4-derived fluorescence, we concluded that 4 would localize only in extranuclei cytoplasm.
After we learned that our zinc(II) fluorophore 4 appeared useful in detecting intracellular Zn 2ϩ influx, we have tested 4 to see how it may image apoptotic processes in cancer cells that may or may not involve the intracellular zinc(II) flux. Fig. 3 A and B) , brightly fluorescent apoptotic cells emerged, but these apoptotic cells still excluded the vital dye PI (Fig. 3 C and D) , indicating that an increase in the fluorescence by 4 preceded changes in inner membrane permeability. Later in the etoposide culture (for example, at 48 h), however, the later stages of apoptotic cells permitted the inner membrane permeability of the vital dye PI to allow pink-red-colored fluorescence emission (620 nm) from the nucleus DNA-bound PI (Fig. 3 G-J) .
By contrast, cell necrosis induced by a high concentration (80 mM) of H 2 O 2 (33) was not accompanied by an increase in fluorescence from 4; rather, the fluorescence diminished to almost none. Furthermore, these dead cells lacked the morphological features of apoptosis. The inner membranes were leaky of the vital dye PI to permit red florescent interaction with DNA and did not contain fragmented DNA (data not shown).
Intracellular Staining with Other Relevant Zn 2؉ Fluorophores. To check that the brighter fluorescence by 4 in HeLa apoptosis was due to increased release in Zn 2ϩ , we first tried to stain HeLa cells with homologues 7 or 8 (100 M, 30 min, 37°C) that were shown to bind with Zn 2ϩ as less strongly as 4 (19, 31) . We saw that 7 and 8 similarly permeated the outer membrane to weakly fluoresce with similar perinuclear punctate staining pattern, as seen with 4 ( Fig. 4A) . However, when 7-(or 8)-permeated cells were treated with various concentrations of Zn 2ϩ (10-100 M)-pyrithione (8-80 M), the fluorescence intensity did not change (Fig. 4B) , indicating that 7 and 8 could not detect cellular Zn 2ϩ . We also observed that To further test that the brighter fluorescence of 4 in apoptotic cells was due to the flux of free Zn 2ϩ , we examined the effect of the stronger Zn 2ϩ chelator TPEN 9, which acts as an intracellular Zn 2ϩ ligand (13) (14) (15) (16) (17) (18) . Apoptosis-induced HeLa cells were treated with TPEN (100 M) for 2 h after staining with 4 or Zinquin 1. TPEN did not so clearly eliminate the bright fluorescence of 4 as the bright fluorescence of 1. Therefore, it may not be conclusive that the enhanced fluorescence of 4 in apoptosis was due to increased Zn 2ϩ . However, we could explain this result by the fact that the intracellular ligand displacement of macrocyclic complex 5 by TPEN was kinetically too slow. Although we tentatively postulated that the brighter fluorescence of 4 in apoptotic cells is due to increased Zn 2ϩ flux, another mechanism, such as altered behaviors of probe 4 to permeate apoptotic cells, may not be completely excluded in accounting for the brighter fluorescence. 
Comparison of Fluorescence Microscopic Images of Apoptosis by 4
and Zinquin 1. For practical apoptotic detection, we have compared our new probe 4 (100 M, 1 h) (Fig. 5A ) with Zinquin 1 (50 M, 1 h) (Fig. 5B) on HeLa cells apoptosis in the presence of PI. With either Zn 2ϩ fluorophore, the simultaneous phase contrast and fluorescence microscopic pictures gave similar detection of intact (live) cells by weak fluorescences, apoptotic cells by brighter fluorescences, and the PI-stained necrotic or dead cells. Furthermore, we found that the brighter fluorescence by 4 was stable and sustained more than several hours, whereas the brighter fluorescence by Zinquin 1 disappeared in 10-20 sec. These results demonstrate that our macrocyclic probe 4 is another useful apoptotic detection probe. Statistic determination of apoptotic HeLa cells by 1 or 4 was preliminarily attempted at several concentrations of etoposide (see Fig. 7 , which is published as supporting information on the PNAS web site, www.pnas.org). However, we have failed so far to obtain quantitative results. The present apoptosis detection by 4 has been compared with a currently available annexin V-Cy3 method (9), which adopts an totally different chemical principle. Entry into apoptosis or necrosis leads to a loss of phospholipid asymmetry with exposure of phosphatidylserine on the outer leaflet. The anticoagulant annexin V binds to the negatively charged phosphatidylserine on the membrane of apoptotic cells as well as dead cells. Fluorescein isothiocynate (Cy3)-labeled annexin V thus stains apoptotic and dead cells. The binding of annexin V correlates with apoptotic nuclear morphology and DNA fragmentation (10) . To compare our probe 4 with annexin V for staining apoptotic cells, apoptotic HeLa cells cultured as described above were triply stained with 4, annexin V-Cy3, and PI for 1 h at 37°C. Fig. 6C shows phase-contrast microscopic images of viable (live), apoptotic, and dead cells as morphologically distinguished. Irradiation with UV light (330-350 nm) showed only the apoptotic cells with intensely green fluorescence from 4 (Fig. 6D) . The same apoptotic cells also have been stained by annexin V-Cy3 (Fig. 6E) , as shown by red fluorescence [irradiated with visible light (460-490 nm)]. These findings are another proof that 3 is as good as the conventional annexin V probe in detecting apoptosis. Moreover, the annexin V-Cy3 method requires the double stain together with PI to distinguish apoptosis from necrosis (9, 10), because annexin V also binds to dead cells. PI distinguishes dead cells from apoptotic cells. As an advantage, our probe 4 acts alone to distinguish apoptosis from necrosis.
Conclusion
First, we found a Zn 2ϩ fluorophore 4 to be a useful biological Zn 2ϩ probe. 4 may be useful for quantification of Zn 
